Activin A is an important regulator of testicular and epididymal development and function, as well as inflammation and immunity. In the adult murine reproductive tract, activin A mRNA (Inhba) expression levels are highest in the caput epididymis and decrease progressively towards the distal vas deferens. The activin-binding protein, follistatin (FST), shows the opposite expression pattern, with exceptionally high levels of the Fst288 mRNA variant in the vas deferens. This unique pattern of expression suggests that activin A and follistatin, in particular FST288, play region-specific roles in regulating the epididymis and vas deferens. The cellular distribution of activin and follistatin and structural organization of the male reproductive tract was examined in wild-type and transgenic (TghFST315) mice lacking FST288. Compared to wild-type littermates, TghFST315 mice showed a 50% reduction in serum follistatin and a significant elevation of both activin A and B. Testicular, epididymal and seminal vesicle weights were reduced, but intra-testicular testosterone was normal. A decrease in the epididymal duct diameter in the corpus and thickening of the peritubular smooth muscle in the cauda, together with increased coiling of the proximal vas deferens, were observed in TghFST315 mice. No immune cell infiltrates were detected. Immunohistochemistry indicated that epithelial cells are the main source of activins and follistatin in the epididymis and vas deferens. Activin A, but not activin B, was also localized to sperm heads in the lumen of the epididymis and vas deferens. Expression of Inhba and another immunoregulatory gene, indoleamine-2,3-dioxygenase (Ido-1), was increased approximately twofold in the TghFST315 caput epididymis, but several other genes associated with immunoregulation, inflammation or fibrosis were unaffected. Our novel data indicate that disruption of follistatin expression has significant effects on the testis and epididymis, and suggest an association between activin A and indoleamine-2,3-dioxygenase in the caput epididymis, with implications for the epididymal immunoenvironment.
INTRODUCTION
Activins are critical regulators of cell proliferation, differentiation and activity in many tissues, particularly in the reproductive and immune systems . The activins belong to the transforming growth factor-b (TGF-b) family of cytokines and are dimers of the b subunits of inhibin.
Dimerization of inhibin b A results in activin A production, whereas dimerization of inhibin b B produces activin B (Vale et al., 1986; Nakamura et al., 1992) .
Activin bioactivity in vivo is regulated by its binding protein, follistatin (Ling et al., 1985; Robertson et al., 1987; Nakamura et al., 1990) , which has 10-fold higher affinity for activin A than for activin B (Schneyer et al., 2009) . Follistatin is a monomeric polypeptide which has two isoforms of 288 (FST288) and 315 amino acids (FST315), produced by alternative splicing of the FST gene (Robertson et al., 1987; Nakamura et al., 1990) . FST288 binds to heparan sulphate-containing proteoglycans on cell surfaces, and the activin-follistatin complex is then targeted to a lysosomal degradation pathway (Hashimoto et al., 1997) . FST315, the main circulating form, can only bind to heparan sulphate after binding activin because of a conformational change that exposes the heparan sulphate binding site. Accordingly, FST288 appears to play a major role in regulating local activin activity.
Activin A is an important regulator of testicular development (Archambeault & Yao, 2010; Mithraprabhu et al., 2010; Mendis et al., 2011) and regulates the morphogenesis of the highly coiled epididymis from the uncoiled Wolffian duct during embryonic development (Tomaszewski et al., 2007) . Previously, we demonstrated that activin A and follistatin are inversely expressed within the adult murine male reproductive tract (Winnall et al., 2013) . Activin A mRNA (Inhba) was most highly expressed in the caput epididymis, with expression progressively decreasing distally towards the vas deferens, although actual protein levels were relatively constant throughout the epididymis and vas deferens. Conversely, follistatin mRNA (Fst) was highly expressed in the vas deferens, but was much lower in the caput and corpus epididymis. In fact, analysis of follistatin expression in a broad range of tissues in the mouse showed that the vas deferens had much higher (>sixfold) expression of the Fst288 variant mRNA than any other tissue examined (Wu et al., 2012; Winnall et al., 2013) . This unique pattern of expression indicates that activin A and follistatin, in particular FST288, may play essential region-specific roles in regulating the structure and function of the adult epididymis and vas deferens. In contrast to activin A, very little is known about the production and biological roles of activin B in the male reproductive tract (Wijayarathna & de Kretser, 2016) .
In order to investigate the specific roles of these proteins in the male reproductive tract, we examined the production and cellular distribution of the activins and follistatin and compared these with the structural organization and functions of the male reproductive tract in wild-type mice and in a follistatin-deficient mouse model. Complete absence of follistatin in transgenic mice because of a deletion of the follistatin gene causes perinatal death due to difficulties in breathing as a result of poorly developed respiratory muscles (Matzuk et al., 1995) . However, we were able to rescue the neonatal lethal phenotype in murine Fst gene knockout mice by transgenic expression of a human FST315 gene construct, producing a mouse that completely lacks FST288 (TghFST315) (Lin et al., 2008; Holdsworth-Carson et al., 2015) . Using these transgenic mice, we have further characterized the expression of these proteins and shown that they have region-specific effects in the epididymis and vas deferens.
MATERIAL AND METHODS

Animals and tissue collection
Mice deficient in the mouse Fst gene, but expressing the human FST315 transgene (TghFST315), were generated as described previously (Lin et al., 2008) . Animals were bred and maintained in accordance with guidelines of the Ethics Committee of the Monash Medical Centre. Eight-week-old male TghFST315 mice and matching wild-type (WT) littermate controls were killed by carbon dioxide asphyxiation, and blood was collected by cardiac puncture. The paired testes, epididymides, vasa deferentia and seminal vesicles were dissected out and their weights were recorded.
Tissues collected for histology were immersed in Bouin's fixative solution (Amber Scientific, Midvale, WA, Australia) immediately after dissection. The tissues were fixed for 5 hours and then transferred into 70% ethanol and stored until processing. Tissues for RNA or protein extraction were snap-frozen in dry ice and stored at À80°C until further processing. For mRNA and protein extraction, the tissues were homogenized using the Qiagen TissueLyser II and stainless steel beads (Qiagen GmBH, Hilden, Germany) prior to analysis. Blood was centrifuged at 4000 g for 5 min and the separated serum was stored at À80°C prior to use.
Tissue processing and histological staining
The Bouin's fixed tissues were processed for routine histology and embedded in paraffin. The entire organs studied were serially sectioned at 5 lm. The tissues were stained for routine histological examination with Haematoxylin and Eosin (H&E) and periodic acid-Schiff reagent (PAS).
Epididymal epithelial height, tubule diameter and luminal diameter measurements
Masson's trichrome-stained sections of the epididymis were used for quantitation of the structural elements of the epididymis because the stain clearly differentiates between the epithelium, peritubular smooth muscle layer and interstitial fibrous tissue. All 10 segments of the epididymis were examined (Turner et al., 2003) . For detailed measurements, segments 1, 6 and 9 were selected as representative of the caput, corpus and cauda, respectively, because these individual segments provided an accurate representation of the overall changes in the three major regions of the epididymis. High power (940 objective lens) images of these segments were taken using an Olympus BX50 microscope (Olympus Corp., New York, NY, USA). Two separate areas of each segment were imaged, and at least three circular tubule profiles per segment were measured. The outer tubule and inner lumen was traced using freehand polygon tool in the CELLSENS DIMENSIONS software 1.7.1 (Olympus Corp.) in order to obtain the mean diameter. The outer tubule diameter was considered the tubule diameter, whereas the inner tubule diameter was considered the luminal diameter. The mean epithelial height was extrapolated by subtracting the inner tubule diameter from the outer diameter.
Immunohistochemistry
Immunohistochemical staining was performed as described previously (Sarraj et al., 2010) . Heat-mediated antigen retrieval was performed using either 50 mM glycine (pH 3.5) or 10 mM citrate buffer (pH 6) depending on the antibody (Table 1) . Normal serum (5%) from the species in which the second antibody was raised was dissolved in 0.1% bovine serum albumin (BSA) and used to block non-specific binding. The sections were incubated overnight with the respective primary antibody. Negative controls received the isotype immunoglobulin from the species in which the primary antibody was raised. Vectastain ABC kit reagents (Vector laboratories, Inc., Burlingame, CA, USA) were added to the sections and incubated at room temperature for 30 min. Diaminobenzidine (DAB) (Dako North America, Inc., Carpinteria, CA, USA) was added to the sections and the colour development was monitored under the microscope.
Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay
The Apoptag peroxidase in situ apoptosis detection kit (Millipore Corporation, Billerica, MA, USA) was utilized to identify cells undergoing apoptosis in the testis. Positive sections received working strength TdT enzyme, whereas phosphate-buffered saline (PBS) was added to negative sections. CAS blocking solution (Life Technologies, Frederick, MD, USA) was added on to the sections and colour development was performed using DAB. For the quantification of apoptosis, an area of the testis was selected randomly, and all the tubules within the field of view were included in the count. The number of tubules containing apoptotic cells and the number of apoptotic cells per field were counted. A total of 200 tubules per testis were counted, moving across each section in a systematic manner. The percentage of tubules showing apoptosis and the number of TUNEL-positive cells was then calculated.
Gene expression analysis using qRT-PCR
RNA extraction was carried out using the RNeasy lipid tissue kit (Qiagen GmBH, Hilden, Germany) according to the manufacturer's instructions. On-column DNAse treatment was performed using DNAse I reagent. cDNA was synthesized using the Superscript III first-strand synthesis kit (Life Technologies, Carlsbad, CA, USA) from 100 ng total RNA per reaction. Primers were designed to amplify short regions of the target genes crossing an intron/exon boundary (Table 2) , and were validated. mRNA expression was analysed using SYBR green in a final reaction volume of 10 lL. Following an initial denaturing step (95°C for 10 min), denaturation, annealing and extension steps (95°C for 15 sec, 60°C for 1 min) were repeated 40 times, and a dissociation step (95, 60 and 95°C for 15 sec each) was performed using a real-time thermal cycler from Applied Biosystems (ABI-7900HT, Applied Biosystems, Carlsbad, CA, USA). Each sample was measured in triplicate, and the relative expression level of each target gene was normalized to that of the reference gene ribosomal protein, large, P0 (Rplp0) and was quantified using the DDCt method.
Immunoassays for protein measurements
Activin A ELISA
A specific activin A enzyme immunoassay using antibodies supplied from Oxford Brookes University was used to determine serum and tissue levels of activin A, as described previously (Knight et al., 1996; O'Connor et al., 1999) . The limit of detection was 15.6 pg/mL. The mean inter-assay coefficient of variation (CV) was 8.6%, whereas the mean intra-assay CV was 8.05%.
Activin B ELISA
Serum and tissue concentrations of activin B were measured, as described previously (Ludlow et al., 2009 ), using antibodies supplied from Oxford Brookes University, and validated for measurement of mouse tissues. The limit of detection was 17.6 pg/mL. The mean inter-assay CV of 9% and mean intra-assay CV was 8.15%.
Total follistatin radioimmunoassay
A discontinuous radioimmunoassay was used to measure the follistatin levels in tissue homogenates and serum samples, as described previously (O'Connor et al., 1999; Winnall et al., 2013) . The assay detection limit was 1.0 ng/mL, while the mean inter-assay CV was 8% and the mean intra-assay CV was 8.6%.
Testosterone radioimmunoassay
Testicular tissue homogenates were assayed using the Immunotech IM1119 RIA Testosterone direct, supplied by Beckman Coulter, according to the manufacturer's instructions. Briefly, the samples and standards were assayed in 25 lL duplicates. Each sample/standard was mixed with 250 lL of tracer, and incubated for 3 h at 37°C. Finally, bound counts per minute (cpm) and total cpm were counted for 1 min. The sensitivity of the assay was 24.8 pg/mL and 38.31 pg/mL (ED10) with the intra-assay CV being 9.7%.
Statistical analysis
All statistical analyses were performed using the GRAPHPAD PRISM 6 (Graphpad Software, Inc., La Jolla, CA, USA). Data sets with one variable were analysed using one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test, while two-way ANOVA was used to compare data sets with two variables. For comparisons between two groups, Student's t-test was used. Statistical significance was accepted when p < 0.05. Data are expressed as mean AE standard error of mean (SEM).
RESULTS
TghFST315 mice are deficient in follistatin and over-express activin Serum protein analysis revealed that adult male TghFST315 mice had significantly reduced serum follistatin levels, with a 50% reduction in serum follistatin in the TghFST315 mice compared to WT littermates (p < 0.001; Fig. 1A) . Consequently, both serum activin A (Fig. 1B) and activin B levels (Fig. 1C) were significantly elevated (p < 0.05) in the TghFST315 mice.
TghFST315 male reproductive tract shows morphological defects
Analysis of organ weights revealed that the testis weights of TghFST315 mice were approximately 25% smaller than the WT (p < 0.001; Fig. 2A) , and the epididymal weights of these mice were also reduced by approximately 30% (p < 0.001; Fig. 2B ). Moreover, seminal vesicle weight showed a 40% reduction compared to WT (p < 0.001; Fig. 2C ), despite no significant differences in the intra-testicular testosterone (T) values between the TghFST315 and WT mice (Fig. 2D) . A striking morphological abnormality in the TghFST315 mice was the extensive coiling of the proximal vas deferens (Fig. 3B,  D) , compared to the WT vas deferens (Fig. 3A,C) . Nevertheless, changes in the expression levels of Hox-10a and Hox-11a genes, which regulate coiling during development of the male reproductive tract, were not observed at the age examined (Fig. 3E,F) .
The TghFST315 mouse testis, despite being significantly smaller in size than the WT, did not show obvious histological differences in PAS-stained sections (Fig. 4A,B) . The Leydig cell population and interstitial tissue in the TghFST315 testis appeared histologically normal. The epithelium of the epididymis and vas deferens of the TghFST315 mouse also appeared histologically normal (Fig. 4C-F) . Immunohistochemistry for the basal cell marker, cytokeratin 5, confirmed that there was no difference in the morphology or distribution of the basal cells in any region of the epididymis (data not shown). Moreover, no abnormal immune cell infiltrates were observed in any sections of the TghFST315 male reproductive tract (Fig. 4A-F) . Furthermore, TUNEL staining did not reveal differences in apoptosis in the TghFST315 mice compared with the WT, at least in the adult (data not shown).
However, the tubule diameter ( Fig. 4G ) and luminal diameter (Fig. 4H) were considerably reduced in the corpus region of the epididymis (as represented by segment 6) of the TghFST315 mice compared with the WT (p < 0.05). In contrast, the epithelial height (Fig. 4I ) was significantly increased (p < 0.05) in this region of the TghFST315 epididymis. These parameters were unchanged in segments 1 and 9 (representative of the caput and cauda respectively) of the TghFST315 epididymis.
Activin, follistatin expression and protein immunolocalization in the male reproductive tract Fst was much more highly expressed in the vas deferens compared with the epididymis of the WT mice, but murine Fst was not expressed in TghFST315 mice, as expected (Fig. 5A) . The highest level of Inhba was detected in the caput epididymis in both the WT and the TghFST315 mice, with much lower expression in the testis or remainder of the reproductive tract (Fig. 5B) . Inhba expression was significantly increased (twofold) in the TghFST315 caput epididymis compared to WT. Inhbb was highly expressed in the testis and, to a lesser degree, in the caput epididymis, thereafter declining along the reproductive tract in both WT and TghFST315 mice (Fig. 5C) .
Follistatin protein was significantly reduced in the TghFST315 testis (p < 0.05; Fig. 5D ), but activin A and B protein in the testis was not significantly different between WT and TghFST315 mice (Fig. 5E,F) , consistent with the testicular activin mRNA data (Fig. 5B,C) .
Immunohistochemical localization of activin A, activin B and follistatin in the epididymis and vas deferens was This was also evident in PAS-stained histological sections (C: WT, D: TghFST315). However, Hox10a (E) and Hox-11a (F) gene expression, which regulate anterior-posterior identity in the male reproductive tract, were not significantly different between WT and TghFST315 adult mice. Values are mean AE SEM (n = 9 WT, 9 TghFST315). Two-way ANOVA: In (E) and (F), tissues with different letter notations differ significantly (p < 0.05). Scale bars represent 50 lm. l, lumen; ep, epithelium; m, muscle layer.
582 Andrology, 2017, 5, 578-588 predominantly to the cytoplasm and stereocilia of the epithelial cells (Fig. 6A-F) . Activin A was also localized to the head region of the spermatozoa throughout the lumen of the epididymis and vas deferens (Fig. 6A,D) , while activin B was not localized to spermatozoa (Fig. 6B,E) . Follistatin labelling was diffusely associated with the luminal cell contents of the testis, epididymis and vas deferens, including the spermatozoa (Fig. 6C,F) . The smooth muscle layer of the vas deferens showed faint staining for activin B and follistatin (Fig. 6E,F ), but not for activin A (Fig. 6D) . In both the WT and TghFST315 mice, activin A and B staining was consistently stronger in the epididymis compared with the vas deferens ( Fig. 6G-N) . On the other hand, follistatin staining was consistently weaker in the epididymis compared to the vas deferens ( Fig. 6O-R) . Activin A and activin B staining was consistently stronger in the epididymis and vas deferens of the TghFST315 mouse, when compared to WT (Fig. 6G-J) . Conversely, follistatin staining in the vas deferens was stronger in WT mice compared with the TghFST315 mice (Fig. 6Q,R) .
Indoleamine-2,3-dioxygenase-1 (Ido-1) gene expression is increased in the TghFST315 caput epididymis The immunoregulatory gene, Ido-1, was highly expressed in the caput epididymis (Fig. 7A) closely resembling the expression distribution pattern of Inhba (Fig. 5B) in the WT and TghFST315 male reproductive tract. Moreover, Ido-1 was significantly increased (2.5-fold) in the TghFST315 caput epididymis compared to the WT, consistent with the increase in Inhba expression in the TghFST315 caput. The immunoregulatory/ inflammatory cytokines, interleukin-6 (Il-6) and interleukin-10 (Il-10) were more highly expressed within the testis compared to the rest of the male reproductive tract (Fig. 7B,C) . In contrast to Inhba and Ido-1, no significant change was observed in the expression of Il-6 or Il-10 in the TghFST315 male reproductive tract compared with the WT. Similarly, the expression of tescalcin (Tesc, a testis-specific gene), transforming growth factor-b1 (Tgfb1) and cyclooxygenase-2 (Cox2, a vas deferens-specific inflammatory gene) were not affected in the TghFST315 mouse reproductive tract (data not shown). The peritubular smooth muscle layer is increased in the cauda epididymis of the TghFST315 mouse without evidence for fibrosis Immunohistochemistry for the peritubular smooth muscle cell marker, alpha-smooth muscle actin (a-SMA), showed increased staining in the TghFST315 cauda epididymis compared to that in the WT mice (Fig. 8A,B) , indicating an increase in the peritubular smooth muscle layer of the cauda epididymis in the TghFST315 mice. However, Masson's trichrome staining did not show a substantial increase in the collagen content of the interstitial tissue in the TghFST315 cauda epididymis (Fig. 8C,D) . Furthermore, expression of the mRNA for several collagen genes (Col1a1 and Col1a2, principally expressed in the corpus and cauda epididymis, and Col4a1, principally expressed in the vas deferens) were unchanged in the TghFST315 male reproductive tract, compared with the WT (data not shown).
DISCUSSION
Using a transgenic mouse model deficient in the activin-binding protein follistatin (TghFST315 mice), we have shown the importance of the activin-follistatin balance in regulating the regionalized structure of the epididymis and vas deferens. This study provides novel data indicating that local activity of the tissue bound form of follistatin (FST288), in particular, is important in regulating the male reproductive tract.
In the TghFST315 mouse, deficiency of the FST288 variant of follistatin resulted in disruption of the proximo-distal identity of the male reproductive tract by causing coiling of the proximal vas deferens. Fst288 variant mRNA is very highly expressed in the vas deferens of adult mice (Winnall et al., 2013) . It has been demonstrated during embryonic life that Inhba is expressed highly in the proximal Wolffian duct, the precursor of the epididymis, compared to the distal Wolffian duct, which gives rise to the vas deferens and is required for normal development and coiling of the epididymis (Tomaszewski et al., 2007) . The role of follistatin has not been studied in this regard. It is possible that FST288 regulates the expression of Inhba during embryonic life to prevent coiling of the vas deferens. Thus, in the absence of FST288, the proximal vas deferens undergoes coiling in the TghFST315 mice. Coiling of the proximal vas deferens has been reported in mice lacking Hoxa-10 and Hoxa-11 genes, which regulate proximal-distal identity in the male reproductive tract (Rijli et al., 1995; Rao & Wilkinson, 2001) . Despite the phenotypic coiling in the TghFST315 adult mice, we did not observe changes in the expression of Hoxa-10 and Hoxa-11 genes. This could be because the time point examined (8 weeks of age) was past the age at which these developmental events occur.
Furthermore, lack of FST288 leads to significant decreases in the weights of the testis, epididymides and seminal vesicles. Despite the significant reduction in seminal vesicle weight, the intra-testicular testosterone levels in the TghFST315 mice did not differ significantly compared to WT, a finding consistent with the normal histological appearance of the Leydig cells. These findings both indicate that the reduction in seminal Figure 5 Comparative Inhba, Inhbb and Fst gene expression in the testis, epididymis and vas deferens, and testicular activin A, activin B and FST protein levels in WT and TghFST315 mice. Fst, Inhba and Inhbb genes were differentially expressed along the male reproductive tract in WT and TghFST315 mice (A-C). Fst was most highly expressed in the vas deferens in WT mice (A). Murine Fst is not expressed in TghFST315 mice. The highest expression of Inhba was seen in the caput epididymis in both WT and TghFST315 mice and Inhba expression was significantly higher in the TghFST315 caput epididymis (B). Inhbb was most highly expressed in the testis and caput epididymis, and the expression was similar in WT and TghFST315 mice (C). (A-C) Values are mean AE SEM, n = 7 WT, 6 TghFST315. Two-way ANOVA: tissues with different letter notations differ significantly, p < 0.05). Follistatin protein was significantly reduced in the TghFST315 testis (D), but activin A and B protein did not differ significantly between WT and TghFST315 mice (E, F). (D-F) Values are mean + SEM, n = 9 WT, 8 TghFST315. Unpaired t-test: *p < 0.05; ns, p > 0.05).
584 Andrology, 2017, 5, 578-588 vesicle weight is probably not because of androgen insufficiency, and suggest a role for FST288 in seminal vesicle physiology. The role of activin in the seminal vesicles has not been well examined. However, activin is known to inhibit cell proliferation and induce apoptosis in the prostate (McPherson et al., 1997; Wang et al., 1999; Risbridger & Cancilla, 2000) . As the prostate and the seminal vesicles are both posterior Wolffian ductderived male accessory sex glands with relatively similar activin levels (Wu et al., 2012) , we hypothesize that the effect of activin on the seminal vesicles might be also inhibitory. In normal animals, the seminal vesicles contain relatively high levels of follistatin (Anderson et al., 1998; Wu et al., 2012) . In the TghFST315 mice, which have relatively low follistatin levels, activin may have an inhibitory effect on seminal vesicle development, contributing to organ weight reduction.
The decrease in adult testis weight in the TghFST315 mice remains to be explained, given that the testes appear histologically normal, and intra-testicular testosterone is not affected. A developmental effect of increased activin activity may be involved, as activin A regulates spermatogonial and Sertoli cell proliferation and differentiation in the foetal and postnatal testis (Archambeault & Yao, 2010; Mithraprabhu et al., 2010; Mendis et al., 2011) . This requires further investigation. The lack of FST288 also caused a reduction in epididymal tubule and luminal diameter, and an increase in the epithelial height of the corpus region in the TghFST315 mice. The corpus is the region of the epididymis likely to be most sensitive to the increase in activin and reduction in follistatin, in the TghFST315 mouse model. In the normal mouse, the corpus is the region where activin levels taper off considerably, and follistatin starts increasing along the epididymal duct, and is also the region where activin receptor expression is highest in the epididymis (Winnall et al., 2013) . The increase in epithelial height, contributing to the reduction in tubule diameter could be due to a decrease in the amount of testicular luminal fluid produced (Pezzella et al., 2014) , or to an increase in the resorption of fluid by the efferent
(J) Figure 6 Immunohistochemical localization of activin A, activin B and follistatin in the epididymis and vas deferens. Activin A (A, D), activin B (B, E) and follistatin (C, F) in the epididymis and vas deferens of wild-type mice were mainly localized in the cytoplasm and stereocilia of the epithelial cells. Activin A staining was also detected on the sperm heads throughout the epididymis and vas deferens (A, D), but activin B did not stain spermatozoa (B, E). The head and tail of the spermatozoa showed staining for follistatin (C, F). The smooth muscle layer of the vas deferens showed faint staining for activin B (F) and follistatin (F, Q) but not activin A (D). Increased activin A and activin B staining was observed in epithelial cells of the TghFST315 mouse (H, L, J, N), when compared to wild type (G, K, I, M), while the converse was true for follistatin staining. Scale bars of A-F = 20 lm, G-R = 50 lm. Insets show negative controls. l, lumen; e, epithelium; m, muscle layer.
ducts (Clulow et al., 1994) and the caput epithelium (Moore & Bedford, 1979) . Despite the morphological abnormalities observed in the reproductive tract, male TghFST315 mice remain fertile. Furthermore, the male TghFST315 reproductive tract did not have any evidence of classical inflammatory gene up-regulation or abnormal immune cell infiltrates, unlike the reproductive tract of the female TghFST315 mouse, which develops severe inflammation, leading to infertility (Lin et al., 2008; HoldsworthCarson et al., 2015) . We have previously shown that the Inhba, Inhbb and Fst genes are differentially expressed within the testis, epididymis and vas deferens in WT mice, suggesting an important role for these proteins in the male reproductive tract (Winnall et al., 2013) . Using immunohistochemistry, we have now confirmed this differential pattern of expression for activin A, activin B and FST. We also have shown, for the first time, the localization of activin A, B and FST in the adult murine epididymis and vas deferens. The epithelial cells appear to be the main source of activin A, activin B and follistatin in the epididymis and vas deferens. Curiously, activin A immunostaining is also localized to the sperm heads in the epididymis and vas deferens, and its role in sperm function requires further investigation. In addition, the smooth muscle layer of the vas deferens also shows activin B and follistatin localization. Further studies are required to define the pathways by which these proteins influence the physiology of the epididymis.
In this study, we also show the expression patterns of several immunoregulatory genes within the male reproductive tract. Ido-1, an important immunomodulator expressed highly within the caput epididymis (Jrad-Lamine et al., 2013), followed the same pattern of expression as Inhba in the male reproductive tract. Interestingly, Ido-1 expression was elevated in the caput epididymis of TghFST315 mice, potentially in response to the rise in activin A. TGF-b superfamily members have been implicated as regulators of Ido-1 via the Smad signalling pathway , and in particular, increased Smad3 activation has been noted in the caput epididymis of Ido-1 null mice (JradLamine et al., 2013) . Thus, our data suggest that Ido-1 could be regulated by activin A in the caput epididymis, indicating a coordinated role for these two immunoregulatory proteins in controlling the immunological environment of the epididymis.
Our studies also established that mRNA for the immmunoregulatory/inflammatory cytokines Il-6 and Il-10 are mainly expressed in the testis within the male reproductive tract. Similarly, Tesc, a gene involved in immunoregulation (Levay & Slepak, 2007) and known to be activin responsive in vitro (Itman et al., 2009) , was shown to be mainly testis specific, but not responsive to the change in activin levels in the TghFST315 mouse testis. On the other hand, Hox-10a, Hox-11a and Cox-2 genes were shown to be specific to the vas deferens. However, Cox-2, which was reported to be activin responsive in mouse Figure 7 Expression pattern of immunoregulatory genes within the male reproductive tract of TghFST315 and WT mice. (A) Ido-1 was highly expressed in the caput epididymis and was considerably increased in the TghFST315 mice compared to WT mice. Il-6 (B) and Il-10 (C) were mainly expressed in the testis and did not change in the TghFST315 tissues compared to WT. Values are mean AE SEM (n = 7 WT, 6 TghFST315). Two-way ANOVA: tissues with different letter notations differ significantly (p < 0.05).
(A) (B) (C) (D)
Figure 8 Fibrosis in the TghFST315 reproductive tract. Immunohistochemistry for alpha-smooth muscle actin (a-SMA) showed increased thickness of stained cells around the cauda epididymis (representative segment 9 is shown) in the TghFST315 mice (A) compared to that of the WT (B). Masson's trichrome-stained sections did not show an increase in fibrous tissue (blue = collagen) in the TghFST315 cauda epididymis (segment 9) (C) compared to WT (D).
586 Andrology, 2017, 5, 578-588 monocytes (N€ using et al., 1995) , did not show any change in expression in the TghFST315 male reproductive tract. Notably, in direct contrast to the female TghFST315 mouse (HoldsworthCarson et al., 2015) , there was no evidence of increased inflammation and subsequent damage in the male reproductive tract of the TghFST315 mice. While immunohistochemistry showed an increase in a-SMA staining in the TghFST315 cauda epididymis, a corresponding rise in fibrotic gene expression was not observed. Masson's trichrome-stained sections also did not show an increase in fibrotic tissue, indicating that the increase in a-SMA staining might be related to peritubular smooth muscle proliferation rather than fibrosis.
CONCLUSION
These data indicate that activin A, B and follistatin are produced mainly by the epithelial cells of the epididymis and vas deferens. The lack of FST288 leads to disruption of the proximodistal identity of the male reproductive tract. It also results in decreased testicular, epididymal and seminal vesicle weights, while also causing the epididymal duct to be smaller with an increase in epithelial height. The increase in activin leads to an increase in peritubular smooth muscle proliferation. Normally, this action of activin may be regulated by localized production of FST288. We also provide evidence that activin A may be involved in the regulation of Ido-1, an important regulator of the epididymal immune environment. Thus, appropriate regional balance between activin and follistatin is required for the development and maintenance of the normal structure and function of the adult male reproductive tract. Further work is required to identify the specific mechanisms by which activin and follistatin regulate the development and adult structure of the male reproductive tract.
